In an attempt to optimize the performance of small scale internal combustion rotary engines for portable power generation, an investigation and development effort for a liquid fuel delivery system is ongoing. Engine operation sets a pair of primary design constraints for liquid fuel delivery systems: fuel mass flow rate and maximum droplet diameter. The fuel mass flow rate requirement is dictated by the stoichiometry, the engine geometry, and the engine residence time as determined by engine (rotational) speed. The droplet diameter constraint is generated from the engine geometry and the residence time. Similarly, the field of use limits operational parameters, such as delivery pressure, subsystem power requirements, and overall system weight. A theoretical prediction has been carried out to determine the required fuel flow rate and initial droplet size for a small-scale rotary engine. For an engine operation of having residence time of 9ms (rotational speed: 10,000RPM), 40mg/sec of methanol with 60µm of initial droplet diameter is required. Guided by these fuel delivery requirements, experimental measurements have been performed using commercially available micro dispensing valves to determine their viability. It was determined that these valves are capable of delivering 10-100mg/sec of fuel with a droplet diameter range of 210-360µm for pressures expected in portable power devices, and commercially available orifice diameters. Several injector parameters, such as the size of orifice, the driving pressure, and the duty cycle, have been varied to determine the effect on mass flow rate and size of droplets to guide future designs. Due to large discrepancy between required initial size of droplets and measurements, the concept of evaporating fuel by external heat source has been adapted and implemented. Using an evaporator, a fuel injector was successfully delivered fuel up to 50mg/sec as mostly vaporized droplets. The results of this study will be applied to develop a fuel delivery system for standalone portable power applications such as micro-scale engines, turbines and potentially fuel cells.
I. Introduction
The performance of internal combustion engines is greatly impacted by the performance of the fuel delivery system. Delivering accurate quantity of fuel is critical to engine performance and emissions because the air/fuel mixture determines the reaction kinetics which governs the ignition event (in compression ignition systems), the heat release and heat release rate. In addition, creating the optimum size of fuel droplets is crucial since these droplets are expected to evaporate, mix with air, and chemically react in a time period, which is dictated by the intake, compression and power stoke events, less than the residence time.
Small-scale engines are more sensitive to fuel injection since they have a reduced residence times, and strong dependence on the ignition event [1] . In order to overcome reduction of efficiency due to high heat losses to surrounding, high engine operational speed is required to maintain power output [2] . At very high speeds, the engine experiences short residence times and consequently requires very fine droplets to reduce the evaporation time. The potential impact of large droplets in small engine operation not only can cause the formation of fuel rich regions and soot shells [3] , but also can drop the temperature of the combustion chamber, further quenching the flame and increasing unburned fuel emissions. At high operational speeds, the engine, therefore, requires a large amount of fuel with very fine droplets. In other words, optimization of both mass flow rate and droplet size on the fuel delivery system is important to ensure maximum power output.
Several other factors must also be considered for small engines aimed for man-portable power generation applications. The auxiliary input power should be minimized to optimize system power output. In addition, the fuel delivery pressure should be minimized for safety as well as parasitic mass minimization (fuel pumps, high pressure fittings and lines). Cost, and therefore system complexity, must also be considered. These parameters impact the design and testing parameters as much as combustion optimization. These operational environment limitations have been considered in the development of these experiments.
Currently, U.C Berkeley is developing small-scale rotary engines for potable power applications. The advantages of these types of engines have been previously documented [4] . Primary to these experiments are the 4 stroke operation with ported intake, to minimize system complexity. These rotary engines are operating with typical RC hobby liquid fuel, which consists of methanol, nitromethane, and lubricant [5] . The engine used in these experiments has a displacement of 1.50 cm 3 and operates in the 5000-2000RPM range. The results from this development work will be used to design an application specific fuel injector for the next generation of engine designs.
II. Fuel Delivery Requirements

Fuel mass flow rate and Power output
With an assumption of unity volumetric efficiecy, the fuel and air mass flow rate can be expressed as:
where m dot,mixture is mass flow rate of air/fuel mixture, ρ mixture is density of air/fuel mixture, Disp is displacement of the engine, and RPM is rotational speed of the engine.
Due to the relatively large air/fuel mass ratio, and the relatively small density difference between the vaporized fuel and air, the charge mixture density is approximated by density of air (Eqn.1). The mass flow rate of fuel in its mixture is obtained from the stoichiometric air/fuel ratio. The small-scale rotary engine is tested with hobby liquid fuel like RC engines [5] . For simplicity of estimation, properties of methanol is used to approximate the properties of the fuel. From the balanced chemical combustion equation of methanol and air, mass ratio between air and methanol is determined to be 6.47.
For a given engine size of fuel mass flow rate, therefore, can be expressed as only function of the rotational speed (RPM) as:. 
The small-scale rotary engine, which has the displacement of 1.5cm 3 , is used for estimation of fuel flow rate. At 10,000RPM, the required mass flow rate of methanol for the rotary engine is determined as 40mg/s.
Initial droplet size
Evaporation of fuel droplet is allowed to follow the d 2 law, which predicts a linear dependence of the square of fuel droplet size with its life time as the following [5] . In this relation, ρ is the density, α is the thermal diffusivity, B is the Spalding transfer number, t is time, d is the droplet diameter, H is the effective latent heat of vaporization, and T s is the droplet surface temperature. The subscripts g and l refer to the gas and liquid respectively.
For combustion to be optimized, droplet evaporation must be completely evaporated (d 0) within the droplet residence period. With this condition, the maximum droplet diameter can be derived as Eqn. 4:
where t residence is residence time, which determined by the engine geometry.
The residence time of a droplet in a rotary engine is calculated from the ratio of the crankshaft angle (θ) swept as the rotor passes from the opening of the intake port to the closing of the intake port, and angular speed of the rotor (ω) (Eqn. 5). It is important to note that in a rotary engine, the residence time is independent of scale, relying on the angular position of the rotor rather than any linear dimension -assuming a negligible intake runner distance. The residence time of the droplet is then simply calculated as the difference in crankshaft angle between the opening of the intake port and the crankshaft angle at ignition, estimated as the top dead center (TDC) position, divided by the crankshaft angular velocity. For the side ported rotary engine, the intake port opening occurs at approximately 120 o after bottom dead center (ABDC) or 30 o of crankshaft angle. The traditional TDC and bottom dead center (BDC) nomenclatures can be used in rotary engines if one allocates BDC to the maximum chamber volume and TDC to the minimum volume. TDC is located at 540 o of crankshaft angle. This results in 510 o of crankshaft rotation from intake opening to the completion of the compression stroke. Angular velocity of a crankshaft is directly related to the rotational speed with a conversion factor. The residence time, therefore, can be expressed in terms of the engine geometry and the rotational speed. It is determined that the residence time is reduced from 9ms to 4ms while the speed of engine is increased from 10,000RPM to 20,000RPM.
Thus, Eqn. (4) and (5) yield simple relations to determine the required initial droplet diameter (d o ) with engine speed (ω crankshaft ) (Eqn. 6). where C 0 is a unit conversion constant.
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For methanol, the value of λ b is 4.35E-3 cm 2 /s, determined by the injection of a droplet into a quiescent environment at 1100K. Figure 1 indicates the size of required fuel droplet to complete evaporation within a given residence time. It can be seen that the maximum droplet diameter decreases with increasing engine speed, having a value of 60µm at 10,000RPM. 
III. Experiment
Many commercial-off-the-shelf (C.O.T.S) liquid injectors are available, and C.O.T.S devices, such as inkjet printer cartridge, automobile fuel injector, a piezoelectric droplet generator, an ultrasonic nebulizer, and a micro dispensing valve, have been considered to be a fuel injector. Selection was made based on the following criteria: the range of mass flow rate, the range of droplet size, low cost, low driving pressure for operation, material compatibility with fuel, low power consumption, compact system, and ability of precise control. It was decided that a micro liquid dispensing valve, which is specified below, provides most of requirements as a fuel injector for small-scale rotary engine. 
Two micro liquid dispensing valves (INKA2437210H, INKA2457210H) from
The Lee Company have been tested as a fuel injector (Figure 2) . Each injector has a nozzle diameter of 75µm, and 125µm respectively, and these diameters are commercially available for the valve. A fuel reservoir that is capable of placing a head pressure of up to 60psi on the fuel is mounted adjacent to the injector nozzle. The injector is connected with a pressure vessel by a 7µm flow filter, and corresponding plumbing. Each injector is controlled by a function generator, and requires 5 and 24V for actuation. The injectors are a capillary tube solenoid, which uses a magnetically actuated pintle to turn on and off the flow. When actuated the magnetic pintle closes down on the plastic capillary, the injector shuts off the flow.
Experiments have been conducted to determine if the selected injector would comply with the mass flow rate, and droplet size requirement, which determined above.
Measurement of Fuel flow rate
The fuel injectors with two different orifice diameters have been tested to determine volume flow rate of methanol based fuel. The apparatus is shown on Figure 3 .
The pressure vessel is connected to the back of the injector to force the fluid from the vessel to the tip of the injector. The opening time of the pintle of the injector is decided by the duration of the pulse. Different driving pressures (10, 20, and 30psi), and pulse duty cycles (20-80%) have been varied to measure their effect on flow rate. Because it is difficult to obtain repeatability, data from very low and high pulse duty cycles have been omitted.
Volume flow rate has been determined from measuring the fluid volume displacement, and the corresponding time. When the injector is actuated according to the TTL signal from the function generator, the graduated cylinder, which is located beneath of the American Institute of Aeronautics and Astronautics 4 injector, is used to measure the volume increment. The time also has been measured until the graduated cylinder is filled by 2ml of the fuel. Varied parameters and data have been carefully observed and recorded to produce the engine fuel map.
Measurement of size of droplets
Droplet visualization tests are performed with a flow visualization chamber, and each fuel injector has been inserted into left end of a small chamber with dimensions of 56mm by 33mm and 20mm deep (Figure 4) . A 320 X 240 pixels CCD camera is located directly in front of the visualization chamber with a 600Watt light source. Objective lenses with X10 and X20 magnifications have been used to visualize droplets. A reflected droplet image is captured by 9ns exposure. Injector parameters (driving pressure, pulse duty cycle, and size of orifice) have been varied to determine effect on the size of droplets Two consecutive pictures with time delay are superimposed into one picture ( Figure 5) , and Image-Pro Plus, which is a size measurement program, is used to determine the average droplet size and velocity. The scale of the image is calibrated by counting the number of pixels in a known distance from an image of a precision scale. The size of the droplet is determined from the number of pixels which the droplet occupies. The precision error is within +/-8µm. 
Effect of Injector Parameters on Mass Flow Rate
The injector parameters (i.e. pulse duty cycle, driving pressure and size of orifice) were varied, and the dependency of mass flow rate on these parameters was observed. Pulse duty cycle, driving pressure and size of orifice was varied 20-80%, 10-30psi, and 75-125µm respectively.
It was observed that mass flow rate increased with increasing of pulse duty cycle, driving pressure and size of orifice. Mass flow rate showed strong linear correlation with pulse duty cycle. As pulse duty cycle was increased, mass flow rate of both 75 and 125µm nozzle increased 5-45 mg/sec, 15-110 mg/sec respectively (Figure 6 The range of mass flow rate was wide since relatively large range of pulse duty cycle was varied (20-80%). Control of pulse duty cycle is desired for the engine operation since it can be directly incorporated with engine rotational speed. Linear correlation between mass flow rate and the rotational engine speed can be implemented to control a fuel injector to deliver proper amount of fuel on various engine conditions.
Increasing driving pressure induced the increase of mass flow rate as shown in Fig.7 . Experimental results agree with theoretical relationships at low pressure range that mass flow rate is proportional to square root of pressure difference [7] . It is noted that driving pressure of this experiment was varied relatively a small amount because of hardware limitation. The micro dispensing valve was recommended to a maximum driving pressure of 30psi by manufacturer.
Driving Pressure, psi Variation of the driving pressure of the fuel injector is undesirable since it is hard to vary the fuel tank pressure during engine operation. In addition, high driving pressure of a fuel injector is not appropriated for portable power devices. However, there is an optimum driving pressure, which can provide a range of desired fuel mass flow rate. A driving pressure of 20psi with 125µm orifice provides wide range of fuel flow rate for engine rotational speed as 4,000-16,000RPM.
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The most significant effect on mass flow rate was observed by size of the injector orifice. As the diameter of the orifice was increased from 75µm to 125µm, the mass flow rate ratio ( (Table 1) .
Theory shows mass flow rate is proportional to square of orifice diameter [8] , and experimental data confirmed theoretical relationship as shown in Table 1 .
Even though size of orifice has the largest effect on mass flow rate, the choice of orifice size is limited by the requirement of initial droplet size. The injector, which has 125µm diameter, fulfills the mass flow requirement for the engine operation; yet, it should be noted that the increase of orifice diameter also increases size of fuel droplets, and fuel droplets cannot be evaporated within the residence time of the engine.
Rayleigh determined the size of droplet is around twice of the undisturbed jet diameter, which is close to size of the orifice for laminar flow [6] . Therefore, size of orifice is desired to be below of minimum size of initial droplet. 
Effect of Injector Parameters on Size of Droplets
The injector parameters were varied to determine the dominant factor of controlling initial size of droplets. The injector parameters (i.e. pulse duty cycle, driving pressure and size of orifice) were varied and the droplet size was measured to determine dependency of these parameters. Pulse duty cycle, driving pressure and size of orifice was varied 20-80%, 10-30psi, and 75-125µm respectively.
The range of droplet sizes was 210-240µm (75µm orifice) and 270-360µm (125µm orifice) (Figure 8 ). These results showed reasonable agreement with Rayleigh breakup theory [6] . In general, the measured droplet diameters were larger than those predicted by theory. The results of these tests indicated that for the limited ranges tested for each of the systems, the droplet diameter was largely unaffected by driving pressure (10-30psi), or duty cycle (20-80%). The major factor of droplet diameter for laminar flow driven, plain-orifice atomizers was the orifice diameter when small flow velocity ranges were considered. The small range in flow velocity was obtained by the limited pressure heads tested, and were practically limited by the logistics of carrying an onboard fuel pump.
Development of evaporators to reduce size of droplets
As discussed on Fuel Delivery Requirements (initial droplet size), combustion theory predicts reduction of the required initial size of droplet (60 to 40µm) when the engine rotational speed increases (10,000 to 20,000 RPM). The mea large discrepancy between required initial size of droplets and measurement causes incomplete combustion of fuel, and consequently, reduces amount of the engine power.
In or sured droplets size was between 210 and 360µm. This der to reduce the initial size of droplets, an evaporator was designed and fabricated. The Evaporator was des igned to provide not only heat flux onto fuel droplets to vaporize, but also mixing enhancement with air. The evaporator was fabricated with aluminum, and had dimensions of width, height and length as 0.75", 1", and 3.5" respectively. Diameter of the evaporator channels was 1/8", and a 1/4" NPT Swagelok union was used to connect the evaporator to a pipe from compressed air inlet. The micro dispensing valve was inserted into the evaporator along the channel with 30 º angles. A thermocouple (K-type) was inserted on vicinity of the evaporator exit to measure the temperature of evaporated mixture. A temperature controller (Watlow model 96A1-CKAR) with two 3" x 1" 50W strip heaters (Watlow model S1A3JP1) was used to supply heat flux with precise control (Figure 9 ). In addition, the mixture channel was created by zigzag path to achieve sufficient air/fuel mixing enhancement ( Figure   American Institute of Aeronautics and Astronautics 10). Three of 1/8" channels were drilled into an evaporator, and additional two holes were drilled to connect each channel. Plugs were inserted to outside of connecting holes to prevent leakage of the mixture. connecting three separated channels.
Fuel was injected into the hot evaporator while the air was supplied the end of the evaporator. Fuel flow rate was vari
V. Conclusion
In order to ensure maximum engine power e operated with accurate amount of fuel with pro size of droplets. The evaporator was designed for vaporizing fue ed by increasing the pulse duty cycle. In order to determine mixing status of air/fuel mixture, the mixture was ignited and shown ( Figure 11 ). Blue flame indicates well mixed air/fuel mixture that having no partial fuel rich spot (Figure 12 ). Uniform mixture was observed until fuel flow rate increased to 50mg/sec. It demonstrates that the evaporator has a capability to deliver required fuel flow rate for high speed engine operation with satisfying the requirement of the maximum initial size of droplets. output, engines must b per size of droplets. For small-scale engines, these requirements become even significant. A study of delivering accurate amount of fuel with small droplet size for small scale rotary engines was conducted with micro dispensing liquid valves. Experimental measurements of fuel mass flow rate and size of droplets were performed, and they were compared with predicted requirements. Micro dispensing valves were able to deliver required amount of fuel, but failed to produce the required initial size of droplets.
An evaporator was designed and tested to reduce l, and producing well-stirred air/fuel mixture. A uniform evaporated mixture was obtained, and was produced up to 50mg/s of methanol. The results of this study will be applied to develop a fuel delivery system for standalone portable power applications such as micro-scale engines, turbines and potentially fuel cells.
